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ABSTRACT
The accumulation defined as ‘‘precipitation minus evaporation’’ over Greenland has been simulated with the
high-resolution limited-area regional climate model HIRHAM4 applied over an Arctic integration domain. This
simulation is compared with a revised estimate of annual accumulation rate distribution over Greenland taking
into account information from a new set of ice core analyses, based on surface sample collections from the
North Greenland Traverse. The region with accumulation rates below 150 mm yr21 in central-northwest Greenland
is much larger than previously assumed and extends about 500 km farther to the south. It is demonstrated that
good agreement between modeled and observed regional precipitation and accumulation patterns exists, partic-
ularly concerning the location and the values of very low accumulation in the middle of Greenland. The
accumulation rates in the northern part of Greenland are reduced in comparison to previous estimates. These
minima are connected with a prevailing blocking high over the Greenland ice sheet and katabatic wind systems
preventing humidity transports to central Greenland. The model reasonably represents the synoptic situations
that lead to precipitation. Maxima of precipitation and accumulation occur at the southwestern and southeastern
coasts of Greenland and are connected with cyclonic activity and the main storm tracks around Greenland. The
central region of the Greenland ice sheet acts as a blocking barrier on moving weather systems and prohibits
cyclones moving from west to east across this region and, thus prevents moisture transports.
1. Introduction
Climate varies on all timescales as a result of external
forcings, like changes in solar radiation, aerosol loading,
and atmospheric trace gases variations, as well as owing
to internal fluctuations connected with atmospheric in-
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stabilities and atmosphere–ocean interaction feedback
processes as discussed for example in Palmer (1993)
and Hansen et al. (1997). To understand the causes of
recent climate changes and to distinguish between an-
thropogenic and natural climate variations, the reasons
for climate changes in the past need to be investigated.
The study of ice cores from the large ice sheets of Green-
land is a powerful means to get information about the
climate of the past. Time series of observational data
from Greenland are available only for relatively short
periods covering mainly the later part of the last century,
so it is hard to analyze natural climate fluctuations on
timescales beyond decades. The causes of twentieth-
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century climate variations are especially difficult to re-
solve because the period of instrumental records coin-
cides with the time during which the atmosphere has
been increasingly contaminated by human activities and
anthropogenic influence such as greenhouse gases and
aerosols.
Therefore, a detailed knowledge and quantitative re-
construction of past natural temperature and precipita-
tion changes is crucial, in order for identifying the main
climate-controlling factors. The scarcity of reliable
long-term instrumental records calls for the use of sen-
sitive proxy data. Isotopic records from the Greenland
ice cores provide high-resolution temporal information
on temperature and precipitation conditions during the
formation of snow. Based on such information Fisher
et al. (1996) compared oxygen-18 records for the polar
sites in Canada and Greenland over the last 3500 yr on
a 50-yr-average basis and identified two main spatial
modes using the method of empirical orthogonal func-
tions. Fischer et al. (1998b) successfully determined a
distinct climate cooling during the Little Ice Age re-
corded in the northern Greenland ice cores. In order to
understand the underlying mechanisms it is necessary
to investigate the factors controlling the geopotential,
temperature, and precipitation patterns over Greenland
that determine the accumulation rates. Kapsner et al.
(1995) compared accumulation rates and temperatures
derived from the oxygen isotope composition of ice in
the deep core obtained by the Greenland Ice Sheet Pro-
ject. They find that atmospheric circulation and change
in the storm tracks seems to have the primary control
of snow accumulation in central Greenland.
Direct observations of Greenland precipitation are
limited and the measurements of the mostly solid pre-
cipitation are strongly influenced by wind effects and
mainly confined to complicated orographically influ-
enced coastal stations. The information recorded in the
ice is strongly affected by precipitation processes and
the reliability of ice core interpretation depends highly
on a clear understanding of the atmospheric processes
that lead to the ice core accumulation.
Direct measurements of precipitation over Greenland
are difficult. In the coastal regions precipitation mea-
surements are available, but they are contaminated as a
result of the strong wind influence and the snow drift,
which can be quite large. Chen et al. (1997) suggested
that precipitation must be determined indirectly by a dy-
namical approach using analyzed wind, geopotential
height, and moisture fields. The annual precipitation over
Greenland was evaluated by Bromwich et al. (1993) on
the basis of a statistical model that captured the main
features but underestimated the high precipitation at the
west coast of Greenland. Dahl-Jensen et al. (1993) re-
constructed accumulation rates of 210–230 mm yr21 for
the ice sheet region of central Greenland on the basis of
annual layer studies. Cullather et al. (2000) evaluated the
atmospheric moisture budget over the Arctic Basin on
the basis of the European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA) and the
National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP–NCAR) re-
analysis data. They showed that significant differences
exist between the different reanalysis datasets. Therefore,
additional efforts are required to describe and understand
the hydrological cycle over the Arctic Basin.
An alternative quantification of precipitation and ac-
cumulation in the Arctic region is provided by numerical
models of the atmosphere, as discussed by Kattsov et
al. (2000) and Christensen and Kuhry (2000). Most im-
portant mechanisms relating to a realistic simulation of
present-day climate and climate changes require high
spatial resolution. Extreme values of cyclone low pres-
sure, intense precipitation and strong winds are gener-
ally more realistically described in nested regional cli-
mate models driven by observation-based reanalysis
fields, as pointed out by Giorgi and Mearns (1999). The
effect of anthropogenic greenhouse warming on the hy-
drological balance depends crucially on the ability to
calculate a realistic snowpack and its melting (Chris-
tensen et al. 1998).
However, it is difficult to evaluate the high-resolution
model results because only sparse data are available for
comparison purposes. The hydrological cycle on a re-
gional scale is poorly represented with a present-day
coarse-resolution general circulation model as well as
in the reanalysis products. The modeling and represen-
tation of atmospheric and surface processes on the re-
gional scale necessarily needs a high horizontal reso-
lution, especially in mountain regions and in areas with
complicated land–sea contrasts and the presence of sea
ice, as pointed out by Rinke et al. (2000).
Dethloff et al. (1996) and Rinke et al. (1999) inte-
grated the regional climate model of the Arctic HIR-
HAM4 with a high horizontal resolution of around 50
km for the year 1990. This model was driven at the
lateral and lower boundaries by time-dependent ERA
data (Gibson et al. 1997). They showed that this model
is able to reproduce the Arctic temperature and dynam-
ical structures with reasonable accuracy. The strategy,
underlying this technique, is that ECMWF analyses can
provide the response of the global circulation to large-
scale forcings, and the nested limited-area model can
account for the effects of the mesoscale forcing as a
result of better resolved orography, nonlinear energy
transfer, and hydrodynamic instability processes.
The topography of the Greenland ice sheet is very
steep and the complicated mountains and orographic
features around the margins, controlling most of the
coastal precipitation, start to become resolved with a
horizontal resolution of 50 km, although even this scale
is not small enough to enable a proper representation
of all relevant orographic features. Compared with the
ECMWF modeling system, the temperature and precip-
itation fields can be simulated substantially more ac-
curately by using the state-of-the-art HIRHAM4 model,
which properly accounts for the considerable ECMWF
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orography errors of typically several hundred meters
near the ice sheet margins. This is crucial in modeling
precipitation accumulation in that region of Greenland.
Furthermore, the improved orography in a regional
model has an influence on the cloud cover and the wind
fields, which are important in getting a realistic surface-
mass balance also over the interior parts. There are
strong indications given for example by Christensen et
al. (1998) that a more realistic simulation of precipi-
tation can only be achieved by increasing model reso-
lution. Christensen et al. (2001) pointed out that the
water cycle to a very large degree depends on local and
regional processes. Observational estimates of the hy-
drological cycle in the Arctic are extremely scarce and
additional efforts are required to improve these data.
Because regional climate models can capture the fines-
cale structure of climate patterns, an important issue in
evaluating these patterns is the lack of adequately dense
observational data. This problem is profound in the Arc-
tic region by the essential absence of any observational
data for its central part and over the interior of Green-
land. Given that the model simulates the climate real-
istically at a few spots with good observations, the mod-
el offers an opportunity to supplement the observations
in data-sparse regions. High-resolution climate simu-
lations over the Arctic might be an extremely fruitful
tool in providing high-resolution fields of the hydro-
logical variables for the determination of the surface
energy budget (Lynch et al. 1999) and the Arctic fresh-
water budget (Kattsov et al. 2000; Christensen and
Kuhry 2000).
In this paper we present the simulation results of pre-
cipitation and evaporation from a total of four years,
the most comprehensive material available to us for the
present analysis. We utilize 1990 data from the exper-
iment described in Rinke et al. (1999) supplemented
with data from a new HIRHAM4 experiment covering
the years 1981–83. The latter period was chosen in order
to depict a relatively short and continuous period with
large interannual differences in Arctic sea ice extent.
As will be documented later on (see Table 1), this period
also encompasses more or less the entire range in annual
precipitation readings for the network of meteorological
rain gauge stations around Greenland. We compare these
regional climate simulations with a revised map of pre-
cipitation using Greenland ice core analyses.
The paper is organized as follows. In section 2 we
give information about the model HIRHAM4 and a de-
scription of the accumulation estimates based on new
ice core analyses in the northern part of the Greenland
ice sheet. Section 3 describes the simulated accumula-
tion fields and compares these with the ice core data.
Finally, section 4 summarizes and concludes the results.
2. Model and observational data
a. Regional climate model HIRHAM4
The dynamical regional climate model HIRHAM4
has been described in Christensen et al. (1996). The
dynamical part of the model is based on the hydrostatic
limited-area model (HIRLAM), documented by Mach-
enhauer (1988) and Ka¨lle´n (1996). Prognostic equations
exist for the horizontal wind components, temperature,
specific humidity, liquid water content, and surface pres-
sure. HIRHAM4 uses the physical parameterization
package of the general circulation model ECHAM4, de-
veloped by Roeckner et al. (1996). These parameteri-
zations include radiation, land surface processes, sea
surface sea ice processes, planetary boundary layer,
gravity wave drag, cumulus convection, and stratiform
clouds. An advanced parameterization for precipitation
processes is adopted. Convection is described in the
Tiedtke (1989) mass-flux formulation with modifica-
tions to the formulation of deep convection. Liquid wa-
ter in stratified clouds is a prognostic variable and is
treated according to Sundqvist (1988). Land surface pa-
rameterizations use five prognostic temperature layers
and one bucket moisture layer. In the presence of a
snowpack over land with a depth exceeding 9-m water
equivalent, the surface in the grid point is considered
to be covered with ice recognized as a glacier point and
soil temperature equations are solved with the charac-
teristics of ice.
The integration domain covers the whole Arctic north
of about 658N with 110 by 100 grid points and a hor-
izontal resolution of 0.58 by 0.58. The vertical discret-
ization consists of 19 irregularly spaced levels in hybrid
sigma-p coordinates from the surface up to 10 hPa with
five vertical layers in the planetary boundary layer. The
model time step was 300 s. At the lateral and lower
boundaries, HIRHAM4 was forced by the ERA data.
The lateral forcing includes all prognostic variables ex-
cept the liquid cloud water content. The information
from the lateral boundaries was transferred to the model
interior by a boundary relaxation in a 10 gridpoint-wide
boundary zone with boundary data updated 4 times
day21. At the lower boundary, ECMWF analyzed sea
surface temperature and sea ice fraction has been used.
Results of model simulations in the Arctic, the val-
idation against ECMWF analyses and station data, and
intercomparison with the regional model ARCSyM over
the Arctic were described by Dethloff et al. (1996),
Rinke et al. (1997, 1999, 2000), and Kattsov et al.
(2000). The sensitivity of the Arctic atmospheric sim-
ulations to initial and boundary conditions was inves-
tigated in Rinke and Dethloff (2000).
b. North Greenland Traverse
Validation data have been derived from Ohmura and
Reeh (1991) and new accumulation data from the North
Greenland Traverse (NGT) of the Alfred Wegener In-
stitute (AWI). The traverse was carried out between
1993 and 1995 and designed to provide data on the
regional and temporal variation of glaciometeorological
and glaciochemical parameters in northern Greenland,
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FIG. 1. The route of the NGT of the AWI with the locations of ice
and firn cores and the drilling sites. The topography interval is 1000
m. Locations of coastal rain gauge stations used in Table 1 are also
shown.
one of the least studied areas of the Northern Hemi-
sphere.
Figure 1 shows the traverse route as well as the po-
sitions of the individual analyzed ice and firn cores with
the position of the drilling sites, the topography of
Greenland described in Jung-Rothenha¨usler et al. (2000,
manuscript submitted to J. Glaciol., hereafter J-R) and
the geographical position of selected climate stations
around Greenland. These data allow the determination
of accumulation rates for the central areas of northern
Greenland. For the parts of the ice sheet and coastal
regions not covered by the traverse investigations, we
rely on the results of Ohmura and Reeh (1991). This
basic dataset was recently improved by an objective
interpolation procedure by Calanca et al. (2000). Their
data, based on 27 regular meteorological stations along
the coast and 22 short-term stations on the ice sheet,
are extracted from various sources. The total annual
accumulation was inferred using data from pit and core
studies in the interior of the ice sheet. The results of
objective interpolation in Calanca et al. (2000) are well
in line with the subjective maps of Ohmura and Reeh
(1991).
The rawinsonde network is the only other source of
observational data for the atmospheric hydrological cy-
cle over the North Polar basin. As shown by Cullather
et al. (2000) there are strong differences in the precip-
itation and evaporation estimates from ERA and NCEP–
NCAR reanalysis datasets. Therefore, we compare here
regional climate model simulated values of precipitation
and evaporation with corresponding values from ice
core parameter estimates over Greenland, an area with-
out other observational estimates of precipitation and
evaporation rates. The model is driven at the lateral
boundaries by ERA (Gibson et al. 1997). Due to this
real weather forcing the model is able to represent the
main precipitation events observed over Greenland dur-
ing the AWI traverse.
In the model simulations runoff is ignored since at
least over central Greenland this term is very small,
where temperatures are generally below the freezing
point. Snow drift, which transports snow from one place
to another, can be neglected, because it only redistributes
the precipitated snow but does not mean any net mass
gain or loss. At the coastal zones and the ice sheet edges
snow drift and runoff can be important on smaller scales
and for investigations of shorter time periods as con-
sidered in this paper.
The determination of mean annual accumulation
rates from ice cores requires an accurate dating of these
ice cores. In order to reduce the uncertainty in dating,
a multiparameter approach for the analyses of firn and
ice cores has been employed (Fischer et al. 1998a,b).
Along the NGT route more than 40 firn cores (each
10–15 m long) and 12 shallow ice cores (each 100–
175 m long) were drilled using a 100-mm electrome-
chanical drill. Core density was determined directly in
the field by measuring and weighting each piece of
core. Furthermore, electrical conductivity (dielectrical
profiling; Wilhelms et al. 1998) was measured before
bagging to obtain a record of the major volcanic events
and preliminary ages of the ice cores. Analyses of am-
monium, calcium, and hydrogen peroxide were carried
out by a continuous flow analysis (CFA) system (Som-
mer 1996; Bigler et al. 2001, manuscript submitted to
Ann. Glaciol.). The continuous measurements of elec-
trical conductivity, gamma attenuation density (Wil-
helms 1996) and CFA provide annual layer signals to
date the cores. Volcanic eruptions of Katmai (A.D.
1912), Tamora (A.D. 1816), Laki (A.D. 1783), and oth-
ers provided time marker horizons. The accuracy of
the dating is estimated to better than three years. From
the ice cores, high-resolution gamma attenuation den-
sity with a resolution of 1 mm was used to determine
the accumulation rate. For the ice cores the accumu-
lation rate was derived using an interpolated density
profile based on the density measured on core pieces
at the drilling site. The NGT data allow us to determine
the accumulation for the most central areas of northern
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Greenland over the last 500–1200 yr in annual reso-
lution and to supplement the accumulation map of
Ohmura and Reeh (1991) in this less investigated area.
This latter accumulation map was reevaluated by
Ohmura et al. (1999) with more recent information
including the NGT data. In contrast, the (geographical
information system) GIS-based approach to integrate
new accumulation data into the accumulation map of
Ohmura and Reeh (1991) presented in Jung-Rothen-
ha¨usler (1998) and J-R is used here. The GIS-based
approach offers a higher flexibility in the treatment of
new data and has the advantage to generate accumu-
lation maps for varying time intervals and to test dif-
ferent interpolation algorithms. The existing accumu-
lation map (Ohmura and Reeh 1991) was scanned and
the isopleths were digitized after geocoding. These iso-
pleths served as input data for a spatial interpolation.
A minimum curvature spline algorithm (Smith and
Wessel 1990) was found to be most suitable for the
digital reproduction of the accumulation field of
Ohmura and Reeh (1991). In the area with less than
200 mm (water equivalent) in northeast Greenland the
isopleths of Ohmura and Reeh (1991) were removed
and the accumulation data derived from the NGT cores
over the period 1912–93 were included. This period
was chosen because the Katmai volcanic eruption is
the first volcanic horizon common to all analyzed NGT
ice cores and the data used by Ohmura and Reeh had
been acquired between 1913 and 1990. Interpolation
of the NGT accumulation data into Ohmura and Reeh’s
map was again carried out with the minimum curvature
algorithm by Smith and Wessel (1990).
3. Results
a. Simulated precipitation and accumulation rates
over Greenland
Although, we will concentrate on the models ability
to simulate the atmospheric input to the mass balance
of the Greenland ice sheet, a brief introduction to the
hydrological cycle for the entire Arctic model region is
relevant. High precipitation amounts are found over the
Atlantic Ocean associated with the storm track entering
the Arctic via the Nordic Seas. At the southern coast of
Greenland and along the western side of Scandinavia,
strong precipitation maxima occur. Extremely low pre-
cipitation values are found over central Greenland and
the western part of the Arctic Basin with the lowest
precipitation values over the central and northern part
of Greenland at the ice sheet with values never ex-
ceeding 100 mm yr21. The annual cycle of Arctic pre-
cipitation, based on observations and HIRHAM4 sim-
ulations, has been investigated in Kattsov et al. (2000).
This indicates a precipitation peak of 1.2–1.3 mm day21
in late summer/early autumn while values of around 0.8
mm day21 are representative during winter. At the south-
ern coast of Greenland the precipitation is mainly a
result of large-scale humidity transports connected with
transient weather systems, enhanced by substantial oro-
graphic lifting.
Modeled evaporation rates show the highest values
over the ice-free and relatively warm ocean regions.
Condensation occurs over central Greenland implying
a mean subsidence over that area. Both are consistent
with findings in the previous work of Gorchkov (1983)
and in particular in the ERA by Cullather et al. (2000).
The accumulation rates defined as the precipitation mi-
nus evaporation rate show positive values over the
whole Arctic with the highest values in the coastal zone
of southern Greenland, while in the Barents Sea negative
accumulation rates occur indicating a dominance of
evaporation processes in that area (not shown). Again
this compares well with the ERA (i.e., Cullather et al.
2000).
Figure 2 shows the simulated mean annual accumu-
lation rates described by the ‘‘precipitation minus evap-
oration’’ (P 2 E) fields over Greenland averaged over
the years 1981–83 and 1990. Over Greenland the lowest
values of accumulation are smaller than 100 mm yr21
in all years. Since the evaporation in the central part of
Greenland is small or even negative, indicating con-
densation, the accumulation field is determined mainly
by the precipitation patterns there. It is noticed that all
the areas with relatively high P 2 E values, are asso-
ciated with sloping terrain causing high precipitation
values by orographic lifting.
Figure 3 shows the standard deviation of P 2 E of
the four modeled years. Pronounced variability from
year to year occurs in the minima of the accumulation
rates over central Greenland and the maxima at the
southwestern part of Greenland. In the present case, the
largest relative interannual variation occurs on the
southwestern slopes of the ice sheet, while the very low
accumulation rate areas in the interior northeast display
very small interannual variations. Likewise the low val-
ues along the shores of the Nares Strait separating
Greenland from Ellesmere Island are relatively robust.
Whether these values are representative for this region
is difficult to judge as the observation material is ex-
tremely sparse here. The results from Ohmura and Reeh
(1991) and later updates in Calanca et al. (2000) and in
the present paper, are all based on a few Canadian sites
(one important one being the station Alert on the north
coast) on the shore of Ellesmere Island. The very low
simulated values do however compare reasonably with
the recent update by Ohmura et al. (1999). The simu-
lated interannual variability compares well with obser-
vational precipitation datasets for the same periods as
evident in Table 1.
Table 1 lists quality-controlled observed annual mean
precipitation for 12 stations maintained by the Danish
Meteorological Institute in Greenland for the years
1981–83 and 1990, published by Cappelen et al. (2000).
For most of the stations these figures are identical or
very close to the absolute highest and lowest values
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FIG. 2. Mean annual accumulated P 2 E (mm) over Greenland based on simulations with the
HIRHAM4 model for the years 1981–83 and 1990.
observed within the last 40 years. Figure 1 shows the
location of the stations. For comparison the correspond-
ing highest and lowest values from the regional model
simulations for the same four years are shown. The high-
est and lowest values at each station are shown in bold.
When comparing these highest and lowest values, it is
recognized that the simulated variability is quite rep-
resentative for that observed close to almost all sites
with observed data for all years. But it is noticed as
well that with only 12 coastal stations such a statement
is only indicative that the model is doing reasonably
well in the coastal regions. The lowest values in the
standard deviation occur over central Greenland. The
highest values appear at the western and eastern coasts
in agreement with the values in Table 1.
The HIRHAM4 simulations underestimate the pre-
cipitation in the years 1981–83 and overestimate the
precipitation in the year 1990 in coastal areas. The spa-
tial distribution is very similar to the observations. As
Rogers et al. (1998) showed, the years 1982–84 de-
scribed an unusually cold episode around Greenland and
the Baffin Island connected with cold pools of water in
the northern Atlantic as a result of interaction between
the sea surface and air temperatures and the atmospheric
circulation. The year 1990 was unusually warm in the
Arctic with a very low sea ice concentration, as pointed
out by Serreze et al. (1995) and Deser at al. (2000).
These unusually warm conditions were part of a larger-
scale temperature anomaly pattern, linking the sea ice
anomaly to accompanying minima in the Eurasian snow
cover. Serreze et al. (1997) counted the number of cy-
clones for the years 1966–93 and showed that this num-
ber was much higher during 1990 compared to 1981–
83. This is in agreement with the HIRHAM4 simulations
showing more precipitation in years with stronger cy-
clonic activity and less precipitation in years with re-
duced cyclones.
The differences between the measurements and the
simulations might thus be connected with deviation in
the simulations of the dynamics compared with the real
atmosphere and especially in the lower boundary con-
ditions concerning sea surface temperatures and sea ice
distribution. This means that low pressure systems and
connected precipitation events might be misrepresented
by the model at different times or locations. The model
could further under- or overestimate precipitation for
given precipitation events and there also exist uncer-
tainties in the measurements in orographic complex ar-
eas. Additionally, the currently used horizontal resolu-
tion of 50 km smoothes orographic features of Green-
land to a certain degree.
In comparing our simulated values from 4 years with
the 15 years of ERA, it is noted that there is a good
agreement concerning the areal distribution between
minima and maxima in P2E (cf. Fig. 2 in Cullather et
al. 2000). With the caveat in mind that we compare an
uneven number of years, we notice a tendency of HIR-
HAM4 to enlarge the extremes. More precisely, the ar-
eas with low accumulation rates identified in HIRHAM4
simulations tend to be lower than in the ERA data, and
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FIG. 3. Standard deviation of annual accumulated P 2 E for the years 1981–83 and 1990.
TABLE 1 Observed, uncorrected precipitation for Greenland (O) and HIRHAM simulations (H) in mm yr21. Highest and lowest values
for each station are shown in bold.
Station name
Station


















































































































the more intensively accumulating coastal zones in the
south exhibit a much higher rate in HIRHAM4 than in
ERA. Most of this can be explained by the finer hori-
zontal resolution in HIRHAM4 and appears to be more
realistic on the regional to local scale (see also Chris-
tensen et al. 1998). Rinke et al. (2000) studied the Jan-
uary and June circulation of the year 1990 over the
whole Arctic and showed that in the ERA data a high
pressure system also develops over Greenland. Differ-
ences between the ERA data and the HIRHAM simu-
lations exist in the position and the maximum values
due to a misrepresentation of the steep ice sheet margin
at Greenland in the ERA data, which tends to broaden
and systematically overelevate the orography by several
hundred meters.
The measured accumulation field for Greenland using
the ice and firn cores from the AWI Traverse in Fig. 1
is presented in Fig. 4. In comparison with the results of
Ohmura and Reeh (1991) the accumulation rates over
the northern part of the ice sheet are smaller, although
they are in better agreement with the recent update by
Ohmura et al. (1999) and Calanca et al. (2000). The
region with accumulation rates below 150 mm yr21 is
much larger than previously assumed and extends about
500 km farther to the south. The new result concerns
the enlarged size of the low-accumulation region in cen-
tral northwest Greenland. For the area west of the the
main ice divide, mean accumulation rates are about 20%
higher than in the eastern part. The drop in accumulation
is more pronounced just north of central Greenland. In
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FIG. 4. Annual total accumulation (mm) over Greenland from the traverse route using ice cores,
firn cores, and additional observations of Ohmura and Reeh (1991).
general the accumulation rates in the northern half of
Greenland appear to be reduced in comparison to pre-
vious estimates.
Compared with the new ice core observations in Fig.
4, the simulations in Fig. 2 reproduce the observations
in the overall structure and in particular the minimum
values from 80 up to 100 mm yr21 over central Green-
land. The modeled accumulation and precipitation min-
ima compare well with the observations, although over
central Greenland a shift in the accumulation patterns
between different years can be detected. In the obser-
vations a belt of relatively high accumulation stretches
from north to south at the western part of Greenland.
This belt also occurs more weakly in the simulations,
but it is not a stable feature as can be deduced from
Fig. 2. The extreme northwest coast measured values
are different from the simulations and probably con-
nected with shifts in the climatic regimes over the last
century.
At the southeastern and southwestern coasts of Green-
land pronounced differences between the HIRHAM4
simulations and the observations occur. The simulated
accumulation at the southwest and at the southeast coast
of Greenland is higher than in the observations with
better agreement in the accumulation and precipitation
maxima at the southeast coast. This must be related to
a well-known undercatchment at the rain gauges when
the precipitation is solid (e.g., Sevruk 1986; Allerup et
al. 1997, 2000; Christensen et al. 1998). Furthermore,
point measurements of precipitation in complex topo-
graphical terrain are not likely to be representative for
grid squares covering 50 km by 50 km (Christensen et
al. 1998; Christensen and Kuhry 2000). These maxima
of more than 1000 mm yr21 are connected with cyclonic
activity as pointed out by Chen et al. (1997) with large
interannual changes.
In many aspects the simulations are also grossly in
agreement with the accumulation distribution of Gen-
thon and Braun (1995), Chen et al. (1997), and in par-
ticular Bromwich et al. (1998), who also identified a
pronounced minimum of 100 mm yr21 at the summit of
Greenland in correspondence with the simulated accu-
mulation minima shown in Fig. 2. In the two latter stud-
ies, statistical–dynamical approaches based on physical
relations are used to downscale large-scale dynamical
information to a resolution comparable to what we have
adopted in this study. However, in neither of the studies
are fully comprehensable parameterization of precipi-
tation processes taken into account, while this is done
in this study.
In the interior of Greenland at the top of the ice sheet,
the accumulation is always low with 200 mm yr21. The
simulated value compares well to the estimated change
in surface elevation of 210–230 mm yr21 for the central
region of Greenland by Dahl-Jensen et al. (1993). The
current atmospheric circulation conditions, therefore
suggest a Greenland ice sheet that, near the top, is close
to a steady state with small accumulation rates. On the
contrary, at the southeast coast the accumulation rate
exceeds 2500 mm yr21, which may be important for
minor coastal glaciers.
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FIG. 5. Annually averaged wind vectors (m s21) and temperature (8C) at model level 19 cor-
responding to a height of 34 m above the ice sheet over Greenland based on model simulations
with HIRHAM4 for the year 1990.
b. Greenland wind and temperature
The Greenland ice sheet has a large albedo and hence
reflects the incoming shortwave radiation effectively.
Over the central part of Greenland, the main part of the
shortwave solar radiation is reflected and the solar ra-
diation absorbed at the surface is as low as 20 W m22
as estimated from the HIRHAM4 run for the year 1990.
The simulated emitted longwave radiation from the ice
surface is above 28 W m22. This causes an effective
cooling at the surface and a downward sensible and
latent heat transfer from the atmosphere to the surface
and leads to a descent of air over the interior of Green-
land, which prevents or reduces cloud cover and con-
tributes to the development of the Greenland surface
high. The subsidence over the central region of Green-
land contributes to the very low precipitation in this
area.
Figure 5 shows the simulated annually averaged wind
vectors at the lowest model level corresponding to a
height of about 34 m above the ice sheet over Greenland
together with the temperature at the same level. A high
pressure area over Greenland drives katabatic winds
from the interior plateau to the Arctic and Atlantic
Ocean sides. This katabatic wind system extends up to
heights of about 2300 m above the ice sheet, not shown
here. The prevailing katabatic winds prevent humidity
transports to the northern part of the Greenland ice sheet.
As pointed out by Chen et al. (1997), the central region
of Greenland has an important blocking effect on mov-
ing cyclones. They analyzed two years 1987 and 1988
in which no cyclone moving from west to east across
this region was identified. As shown by Bromwich et
al. (1999) the annual precipitation pattern over the
northern coastal, central-west, central-interior, and cen-
tral-east regions of Greenland for an individual year is
similar to that of the mean annual precipitation for the
period 1985–95. This result is underlined by our own
simulations showing moderate differences in the re-
gional precipitation patterns over the above-mentioned
regions of Greenland from year to year. The simulated
annually averaged surface temperature distribution
seems to be a reasonable representation for the mean
temperatures in Greenland from May 1985 to April 1991
(e.g., Genthon and Braun 1995).
c. Cyclonic activity at the Greenland perimeter
The main P 2 E pattern in Fig. 2 and the strong
interannual variability in Fig. 3 at the southern coastal
regions is completely determined by cyclonic activity.
Chen et al. (1997) indicated four primary cyclone tracks
around Greenland as a result of the thermal and dynam-
ical effects of the topography of Greenland’s ice sheet.
Figure 6 shows the number of cyclones computed
with the algorithm of Serreze et al. (1993, 1997). This
detection and tracking algorithm for the cyclones makes
use of the 6-hourly sea level pressure fields to compute
the spatial distribution of cyclones based on data of 13
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FIG. 6. Storm tracks (number of cyclones) around Greenland based on model simulations for 13 yr with HIRHAM4
using the algorithm of Serreze et al. (1993, 1997).
years: 1961–64, 1968, 1978, 1982, 1988–91, 1993–94.
One cyclonic track is related to circulations connected
with the Icelandic low, very well reproduced by the
HIRHAM4 simulations at the south coast of Greenland.
A second track is a major storm track stretching from
the south along the western coast of Greenland into the
Baffin Bay. A third track represents a cyclone moving
at the southernmost part of Greenland and tracking
through the Denmark Strait. A fourth storm track is due
to cyclones formed within the Baffin Bay itself, which
sometimes cause precipitation over the north coastal re-
gion of Greenland. These main cyclone tracks can ex-
plain the mean precipitation patterns over Greenland
throughout the year. The strong precipitation in the
southern region of Greenland is a result of cyclonic
activity connected with the described four storm tracks
shown in Fig. 6 that are in agreement with those dis-
cussed in Serreze et al. (1993, 1997), Chen et al. (1997),
and Bromwich et al. (1998).
4. Conclusions
Annual precipitation and evaporation for a total of
four years has been simulated over Greenland with a
high-resolution limited-area climate model of the Arctic
and compared with a combination of new estimates of
the annual accumulation distribution over north-central
Greenland deduced from inland ice core parameters and
material already in the literature. A good agreement in
the regional precipitation patterns exists concerning the
location and the values of very low accumulation and
precipitation in the central northwest part of Greenland,
but also for many regional features in the coastal areas,
where information can be extracted from gauge mea-
surements. The region with accumulation rates below
150 mm yr21 in central-northwest Greenland is much
larger than previously assumed and extends about 500
km farther to the south. Contrary to this, the ERA and
NCEP–NCAR data suggest much higher accumulation
rates at the Greenland ice sheet and shows lower peak
values in areas with high accumulation rates. The pre-
cipitation minimum is connected with a stationary high
pressure area and katabatic wind systems, which effec-
tively prevent humidity transports to the central part of
Greenland. Maxima of accumulation and precipitation
occur at the southwest and southeast coasts of Greenland
connected with cyclonic activity in four main storm
tracks. While the southeastern accumulation band is at
least qualitatively reproduced by the simulations, there
is a regional shift in the southwestern precipitation band
between simulations and observations, connected with
interannual storm track variability.
To a large extent this shift can be explained by the
small number of simulation years we have in our sample.
As demonstrated, the southern part (south of 658) of
Greenland is under the influence of very large inter-
annual fluctuations in the amount of precipitation re-
ceived. Furthermore, the years we have chosen for this
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particular work encompasses some of the most extreme
dry and wet years observed over the last 40 years. This
variability underlines the need for even longer simu-
lation in order to reduce the uncertainties associated
with accumulation estimates. Despite the intrinsic ca-
veat in comparing four simulation years with an accu-
mulation map, which has no specific dating, except from
representing the twentieth century, we have shown that
the HIRHAM4 model is doing a promising job in sim-
ulating those observed accumulation rates. The model
seems to depict the dynamical forcings, which are re-
sponsible for the great variation in precipitation geo-
graphically as well as interannually. In particular we
notice that the low accumulation rates in the interior at
the top of the ice sheet of Greenland seems to be very
realistically simulated, while it is more difficult to assess
in a quantitative sense the accumulation rates in the
coastal areas, where the local variations are large and
observations very sparse. Four main cyclone tracks
identified by Serreze et al. (1993) and Chen et al. (1997)
have also been identified in the HIRHAM4 simulations.
These determine the precipitation patterns in the coastal
regions. There is a very strong connection between pre-
cipitation and cyclonic activity. This finding is in gen-
eral agreement with the results of Kapsner et al. (1995)
that atmospheric circulation and a change in the storm
tracks seems to have the primary control of snow ac-
cumulation in central Greenland.
The state-of-the-art model HIRHAM4 represents the
spatial variations of Greenland precipitation quite re-
alistically since it is able to reasonably represent the
synopotic situations that lead to precipitation. The P 2
E fields are not due to local effects but representative
for a larger area. This underlines the value and impor-
tance of ice core data for representing at least regional
climate features. The central region of Greenland acts
as a barrier on moving weather systems and prohibits
cyclones moving from west to east across this region
and, thus, preventing transglacial moisture transports.
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